This paper investigates the potential of utilizing the exhaust waste heat using an integrated mechanical device with internal combustion engine for the automobiles to increase the fuel economy, the useful power, and the environment safety. One of the ways of utilizing waste heat is to use a Stirling engine. A Stirling engine requires only an external heat source as wasted heat for its operation. Because the exhaust gas temperature may reach 200 to 700 ∘ C, Stirling engine will work effectively. The indication work, real shaft power and specific fuel consumption for Stirling engine, and the exhaust power losses for IC engine are calculated. The study shows the availability and possibility of recovery of the waste heat from internal combustion engine using Stirling engine.
Introduction
Today, the energy researches take a wide place in the world; the automobile is so significant that it consumes more than half of the total energy used by all types of transportation combined. Numerically, the energy consumption of automobiles accounts for 52% of all energy used by the entire transportation; less than 35% of the energy in a gallon of gasoline reaches the wheels of a typical car; the remaining heat is expelled to the environment through exhaust gases and engine cooling systems [1] . Figure 1 illustrates the energy losses of internal combustion engine (ICE). The figure shows the thermal losses take 60% approximately, and 33% of the power is expelled with exhaust gases; in another mean twothirds of our fuels' money was spent in the environment. Since most of the energy consumed by an internal combustion engine is wasted, capturing much of that wasted energy can provide more power and efficiency. Many researchers examine how to utilize that lost energy and many methods were used such as thermoelectric generation, piezoelectric generation, thermionic generation, thermophotovoltaic, and mechanical turbo [2] . But these entire components were considered as electric or electronic methods and they cannot give largest power at high temperature. Another method now used to recover the heat from exhaust gas is called organic Rankin cycle (ORC). Figure 2 is based on the steam generation in a secondary circuit using the exhaust gas thermal energy to produce additional power by means of a steam expander. The principle working of the organic Rankin cycle is the same as that of Rankin cycle: the working fluid is pumped to a boiler where it is evaporated, passed through an expansion device (turbine or other expander), and then passed through a condenser heat exchanger which it is finally recondensed [3, 4] . Another method to recover exhaust heat is by the use of the Stirling engine technique. This method has more activity and it is considered an external combustion engine to produce mechanical work. The recovery and utilization of waste heat not only conserve fuel, usually fossil fuel, but also reduce the amount of waste heat and greenhouse gases damped to environment [2] . The use of Stirling engine has many advantages which can be summarized as follows [5] [6] [7] : high potential efficiency up to 45%, reversible operation, cleaner emissions, quiet operation, low vibrations, low maintenance, smooth torque delivery, and ability to run at different fuels; finally Stirling engine does not have valves, carburetor, ignition system, or boilers. On the other side the main disadvantages and limitations can be concluded as long start-up time at cold starting, typically not self-starting, and finally being quite large and heavy. The main objectives of this paper could be summarized in two points: using Stirling engine to recover the waste power through exhaust manifold to generate electrical power and also showing the effect of raising the entire operating pressure for Stirling engine to get more power in practical size for the automobile and internal combustion engine.
The body structure of this paper starts by highlighting objectives, advantages, limitations, and related research in Section one. The main factors that have an effect on the performance of Stirling engine were displayed in Section two. Thermodynamic model analysis in terms of Schmidt cycle, waste exhaust recovery, Stirling engine power, and exhaust temperature profile were covered in Section three. Our proposed exhaust's heat recovery system in Section four follows. Section five presented the experimental methodology and setup. The calculation and results were depicted in Section six. Finally, Section seven summarizes the entire paper and shows the main conclusion.
Stirling Engine Effective Factors
Usually the design point of a Stirling engine will be somewhere between the two limits of (1) maximum efficiency point and (2) maximum power point. There are many factors that may affect the out power and mechanical efficiency for the Stirling efficiency, which can be concise as the following. (i) Swept volume: the area under the P-V diagram indicates to the network that if the volume expands the power will be increased; (ii) regenerator efficiency: the regenerator has mesh wires to store the heat while the working gas transfers between the hot side and cold side; theoretically if the engine does not have a full regenerative, the major trouble will be in the stream flow losses through the regenerator; (iii) mean pressure: it is the average pressure inside the engine at the maximum and lower temperatures; the problem appeared when the inside pressure is more than the atmospheric pressure; unbalance on the piston will occur; (iv) working gas: the type of gas in the Stirling engine takes a major factor; to get more power, the filled gas must have high specific heat capacity so that the gas will gain and lose the heat rapidly; then the piston is moving rapidly to produce a positive speed [5] . The hydrogen has the lowest molecular weight so it has great efficiency but low safety. Helium (He), N 2 , and air were considered a working gas for Stirling engine; and finally (v) temperature difference: as any heat engine, the mechanical efficiency stands upon the hot temperature and cold temperature so more difference gives more efficiency.
Thermodynamic Analysis

Schmidt Cycle Analysis.
The Schmidt cycle is defined as a Stirling cycle in which the displacer and the power piston or the two power pistons move sinusoidally and dead volumes are found. The assumptions upon which the Schmidt analysis was based are as follows [8] : (i) sinusoidal motion of parts; (ii) gas temperatures known and constant in all parts of the engine; (iii) absence of gas leakage; (iv) working fluid following perfect gas law; and finally (v) at each instant in the cycle the gas pressure being the same throughout the working gas.
In this paper the Schmidt cycle will be evaluated numerically. The performance of the engine can be calculated using P-V diagram. The volume in the engine is calculated using the internal geometry. When the volume, mass of the working gas, and the temperature are decided, then the pressure is calculated using an ideal gas method in PV = mRT equation.
Firstly, the volumes of the expansion and compression cylinder at a given crank angle will be determined. The instantaneous expansion volume is
where is a swept volume of the expansion piston and is an expansion dead volume under the condition.
The instantaneous compression volume is determined by
where is a swept volume of the compression piston, is a compression dead volume, and is phase angle.
The total instantaneous volume is calculated in
In the Beta type Stirling engine, the displacer piston and the power piston are located in the same cylinder. When both pistons overlap, an effective working space is created. The overlap volume is
The engine pressure based on the mean pressure mean , the minimum pressure min , and the maximum pressure max is described in [8] :
where is temperature ratio, V is a swept volume ratio, and is dead volume ratio. The net indicated work per cycle [8] is described by
3.2. Waste Heat Energy Calculation. The quantity of waste heat contained in an exhaust gas is a function of both the temperature and the mass flow rate of the exhaust gas:
wherėis the heat loss (kJ/s);̇is the exhaust gas mass flow rate (kg/s); is the specific heat of exhaust gas (kJ/kg⋅K); and Δ is temperature gradient in K.
The mass flow rate of exhaust gas=̇+̇.
Mass flow rate of air (̇) can be evaluated according tȯ = * * V * * 2.
Mass flow rate of fuel (̇)
The volumetric efficiency ( ) has a range 0.8 to 0.9. 
Engine Power Output.
Power output can be estimated using a variety of methods which takes into consideration many things like temperature difference, operating speed and pressure, expansion and compression space volumes, and regenerator effectiveness. The Beale and West numbers were used to determine the Stirling engine power.
Beale Number.
It is an empirical number that characterizes the performance of Stirling engine. It is used to estimate the power output of Stirling through relating an indicated power, P (W), to mean pressure (bar), operating frequency (Hz), and expansion space volume (cm 3 ) with the Beale number :
Beale number can be estimated from Figure 3 , showing a graph plotted by measuring data from many Stirling engines. The solid line in the middle is typical of most Stirling engines while the upper and lower lines denote unusually high or low performing engines [5] .
West Number.
It is similar to the Beale number except it takes direct account of the temperature difference. The formula is expressed as
where is the West number, which has an average value of 0.25-0.35, and a higher number represents a more efficient engine. through the exhaust system are required to determine the most effective location for Stirling engine placement. Figure 4 shows the comparison of the estimated and measured temperatures for almost identical runs along the exhaust line of the test vehicle for both idling and accelerated engine speeds [9] . The surface temperature measurements method was used in nearly stable conditions after initial warmup. Exhaust temperatures for idling conditions were much lower compared to accelerated conditions. When moving away from the exhaust valve, the gases temperatures will be decreased. Exhaust temperature varies with engine load; more loads or speed means more exhaust temperature due to decreasing in expansion cooling. Figure 5 presents the unit of heat recovery for exhaust system (3D/section) views. Stirling engine components are (1) exhaust gases outlet; (2) exhaust gases inlet; (3) hot heat exchanger; (4) displacer piston cylinder; (5) coolant jacket; (6) crank case container (to keep high pressure behind power piston); (7) displacer; (8) power piston; and finally (9) crank shaft and flywheel. Afterwards, the exhaust gases leave the combustion chamber, they will enter through hot exchanger's pipe 1, and then they leave from heat exchanger pipe 2 and then to catalytic converter, muffler, and tailpipe.
Temperature Profile in Automotive Exhaust
Proposed Exhaust's Heat Recovery System
Hot heat exchanger must be near to exhaust valve or isolate the inlet pipe in Rockwool to prevent the exhaust gases' heat escaping before it entered the heat exchanger. The coolant jacket is used to get difference in engine temperature also, to improve good contraction for working fluid for Stirling engine in cold side of Stirling engine; coolant jacket must be connected directly with a separated radiator. The displacer owns a vertical hole with mesh material because of brief in engine size; the container also has compensated valve to modify entire pressure of the engine.
Experimental Setup
A number of experiments were carried out in Tafila Technical University in the automotive laboratories. A Robin engine single cylinder, air cooled and with direct-injection engine, was used in this work as shown in Figure 6 . The engine specifications are listed in Table 1 . To measure the gasoline engine torque, the engine was coupled to dynamometer. The reading of engine parameters was recorded after 135 sec of engine operation and depicted in Table 2 . The Stirling engine was coupled to ICE. The specification of Stirling engine was listed in Table 3 .
Results and Calculations
To evaluate the wasted exhaust power, the air and fuel flow through the combustion process should be estimated. From the recorded information during experiment in Table 2 , the fuel consumption is 21.6 g in interval 135 seconds. So the similar to 04 Prius 1NZ-FEX and BMW M135i which give (58% and 56%, resp.) percentage difference. Figure 7 represents the relation between entire pressures and changing in volume for Stirling engine, the curve being formed as cam lobe due to dead volume affected and nonsinusoidal motion for the drive mechanism; Schmidt cycle gives ideal assumption, else dead volume and nonsinusoidal motion, too. The area enclosed in P-V curve was indicated work per one cycle. Figure 8 illustrates the relation for volume changing of expansion and contraction space with crank angle. From this diagram the location of the volumes of expansion can be determined and contraction space must be equal relatively to crank angle. Also it can be provided as an indication for critical point when the volume was converted or changed from increasing to decreasing or inverting versus crank angle. Figure 9 shows the relation between total volumes for Stirling engine versus crank angle. From this diagram the total volume changing relatively to crank angle can be determined; also the flow rate of working gas inside Stirling engine can be estimated at any instant. After that the flow losses through the engine can be evaluated. The total pressure versus crank angle is depicted in Figure 10 . The relation between pressure and total volume is inverse here. The expansion and contraction intervals cannot be determined precisely from P-V diagram. But on the other side, the expansion and contraction can be easily evaluated from V-or P-diagram. According to the Schmidt cycle, the ideal expansion work, pumping work, total network, and ideal net power are 88.5 J, −56.6 J, 31.9 J, and 0.772 kW at 1500 rpm, respectively. For estimation the real output (shaft power) for Stirling engine is 0.42 kW based on the Beale method. From Figure 3 , the Beale number is nearly 0.0042 at heater temperature 200 ∘ C. So, mechanical efficiency for Stirling engine is 51.8%.
To determine the specific fuel consumption using Stirling engine, the following equation was used: s.f.c. with Stirling = s.f.c. without
where h is lowering percentage for brake power; in this case it is equal to 18%, so the s.f.c. with Stirling engine will lower to 15% of s.f.c. without Stirling engine. h can be calculated by dividing real brake power for Stirling engine on brake power for IC engine: The brake specific fuel consumption without Stirling engine and with Stirling engine is displayed in Figure 11 . At beginning of engine loading, bs.f.c. for internal combustion engine with and without Stirling engine are identical due to lowering in exhaust temperature (low load); subsequently when the engine load was increased, exhaust temperature will also increase, so Stirling engine will work effectively to reduce specific fuel consumption. So at those moments bs.f.c. curves are not identical. Figure 12 displays the P-V diagram at different operating pressures. The indicated work is represented by the area of enclosed curve for each operating pressure. As shown in the figure as the operating pressure increases, the area enclosed will increase and it will increase the indicated work.
Conclusion
The utilization of the exhaust waste heat for ICE by the use of Stirling engine was investigated. The study results can be summarized into the following points.
(i) Waste heat of internal combustion engine is considered great problem; two-thirds of that energy which entered through the engine was lost to the environment.
(ii) Waste heat recovery takes great benefits as raising fuel mileage and reducing greenhouse gases and fuel consumption, so that the IC efficiency will be increased.
(iii) Around 15% can be improved in vehicle fuel economy through installing Stirling engine cross exhaust manifold to recover waste heat in internal combustion engines.
(iv) The recovered power through Stirling engine can be converted to charge vehicle's batteries or to operate the mechanical auxiliary such as oil pump, water pump, A/C compressor, and power steering pump.
(v) Applications' range for this project is not trapped on the automobile only, but it can be applicable on electricity generation planets, mining application cement planets, and factories.
(vi) Three obstacles to using Stirling engine are as follows:
(1) adding some weights to the automobile which is going to decrease its fuel efficiency, so in order to be viable it must be light; (2) backpressure through the exhaust system; (3) additional pumping power losses.
